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•  We  have  fabricated  the  FeS2  particle  by  hydrothermal  process. 

•  We  have  examined  the  electrochemical  behaviors  of  FeS2  with  sodium. 

•  We  have  clarified  the  charge  reaction  mechanism  of  Na/FeS2  cell  for  the  first  time. 
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FeS2  synthesized  by  hydrothermal  method  was  used  for  sodium  batteries  for  the  first  time.  A  large  initial 
discharge  capacity  of  771  mAh  g-1  and  a  high  reversible  capacity  of  521  mAh  g-1  were  obtained.  The 
reaction  mechanism  of  electrochemical  de-sodiation  (charge)  was  investigated  after  the  initial  discharge. 
Our  results  have  demonstrated  that  the  composition  and  structure  of  electrode  after  the  charging  to  3.0  V 
could  not  recover  its  original  state  of  FeS2  and  a  new  phase  of  NaFeS2  was  revealed.  This  should  be 
responsible  to  the  large  irreversible  capacity  in  the  first  cycle  and  the  high  discharge  and  charge  plateaus 
after  the  initial  cycle. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Iron  disulfide  is  an  interesting  material  for  electrochemical  en¬ 
ergy  storage  systems  such  as  lithium  and  sodium  batteries  due  to 
its  low  cost  and  environmental  friendly  nature,  as  well  as  its  po¬ 
tential  to  offer  high  capacity  and  energy  density  when  used  as  an 
advanced  energy  storage  material.  Cathode  materials  based  on  FeS2 
for  sodium  ion  secondary  battery  (SIB)  at  room  temperature  have 
been  reported  in  the  literature  [1—4].  Kim  et  al.  [1  ]  first  reported  the 
rechargeable  Na/FeS2  battery  operated  at  room  temperature  with  a 
high  discharge  capacity  of  630  mAh  g_1.  The  possible  discharge 
reactions  of  FeS2  with  sodium  resulted  in  various  sodium  poly¬ 
sulfides  such  as  Na2S2  or  Na2S  and  metallic  Fe  was  proposed  from 
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the  Na-S  binary  phase  diagram  [2].  The  discharge  capacities  of  FeS2 
powder  were  found  to  be  dependent  on  its  particle  sizes  associated 
with  the  synthesis  conditions  [2,3].  Kitajou  et  al.  studied  the  reac¬ 
tion  mechanism  of  FeS2  with  Na  during  electrochemical  discharge 
using  synchrotron-based  X-ray  absorption  near  edge  spectroscopy 
(XANES)  and  other  spectroscopic  techniques,  and  revealed  the 
formation  of  Na2S  and  metallic  Fe  as  discharged  products  [4].  All  of 
these  works  provided  important  information  about  the  electro¬ 
chemical  properties  of  sodium-FeS2  cell  and  the  possibility  of  using 
it  as  energy  storage  material  for  the  application  and  development  of 
SIB.  Consequently,  the  legitimate  question  remains  what  the  charge 
reaction  mechanism  of  metallic  Fe  with  Na2S  formed  after  the 
initial  discharge  process  is?  For  instance,  whether  FeS2  could  be 
reversible  produced  by  the  electrochemical  reaction  of  Na2S  with 
metallic  Fe  during  the  charge  process?  Apparently,  the  electro¬ 
chemical  charge  reaction  mechanism  of  FeS2  with  Na  still  need  to 
be  further  investigated. 
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Here,  we  will  report  the  hydrothermal  synthesis  of  FeS2  as 
cathode  material  for  sodium  batteries  for  the  first  time.  The  phys¬ 
ical  and  electrochemical  properties  of  FeS2  are  examined  by  scan¬ 
ning  electron  Microscopy  (SEM),  X-ray  diffraction  (XRD), 
transmission  electron  microscopy  (TEM),  X-ray  absorption  spec¬ 
troscopy  (XAS),  cyclic  voltammogram(CV)  and  galvanostatic  cycling 
measurements.  The  reaction  mechanism  of  FeS2  with  sodium 
during  electrochemical  recharge  process  will  be  discussed  in  detail 
for  clarifying  the  intrinsic  properties  of  FeS2  electrode. 

2.  Experimental 

FeS2  particle  was  synthesized  by  a  simply  hydrothermal  method 
[5].  3.08  mmol  of  sulfur  powder  was  dissolved  in  2.2  mL  of  Ethyl- 
enediamine  under  constant  stirring.  To  witch  2.4  g  poly¬ 
vinylpyrrolidone  dissolved  inl7.0  mL  deionized  (DI)  water  and 
1.54  mmol  of  FeCl2-4H20  were  added  in  sequence  under  vigorous 
string.  The  mixture  was  sealed  in  Teflon-lined  stainless  steel 
autoclave  and  put  into  muffle  heated  oven  at  200  °C  for  24  h.The 
resulting  product  was  collected  by  centrifugation,  washed  with  DI 
water  and  absolute  ethanol  for  several  times  and  dried  at  70  °C 
under  vacuum  overnight. 

The  as-synthesized  powders  were  characterized  by  X-ray 
diffraction  (XRD,  Bruker  D8  ADVANCE)  with  a  monochromatized 
source  of  Cu  Kal  radiation  (A  =  0.1540  nm)  at  1.6  kW  output 
power.  Scanning  electron  microscopy  (SEM,  Cambridge  S-360) 
was  employed  to  study  the  morphology  and  particle  size  distri¬ 
bution  of  the  products.  TEM  and  SAED  measurements  were  car¬ 
ried  out  by  200  kV  side  entry  JEOL  2010  TEM.  The  in  situ  XRD 
spectra  were  collected  at  beamline  X14A  of  National  Synchrotron 
Light  Source  (NSLS)  at  Brookhaven  National  Laboratory  using  a 
linear  position  sensitive  silicon  detector.  The  wavelength  used 
was  0.7747  A  XAS  was  performed  at  beamline  X19A  of  NSLS.  Fe 
K-edge  XAS  was  collected  in  transmission  mode,  while  S  K-edge 


XAS  was  in  fluorescence  mode.  The  XAS  data  was  processed  us¬ 
ing  Athena  [6]. 

For  the  electrochemical  measurements,  the  working  electrode 
consisted  of  active  material  (FeS2  sample,  70  wt.  %),  electrical 
conductor  (acetylene  black,  20  wt.  %),  and  binder  (PVDF,  10  wt.  %) 
was  coated  on  aluminum  foil  current  collector.  The  cells  were 
constructed  by  using  FeS2  cathode  as  a  working  electrode  and  two 
sodium  sheets  as  counter  electrode  and  reference  electrode, 
respectively.  The  cells  were  assembled  in  an  argon-filled  glove  box 
using  1  M  NaCICH  (Aldrich)  solution  in  a  nonaqueous  ethylene 
carbonate  (EC)-Propylene  carbonate  (PC)  (1:1  in  volume)  mixed 
solvents  as  the  electrolyte.  Galvanostatic  charge-discharge  mea¬ 
surements  were  carried  out  at  room  temperature  with  a  Land  CT 
2001 A  battery  test  system.  The  cells  were  cycled  between  0.9  and 
3.0  V  vs.  Na+/Na.  Cyclic  voltammogram  (CV)  tests  were  performed 
on  a  CHI660A  electrochemical  working  station  (CHI  instruments). 

3.  Result  and  discussion 

Fig.  1(a)  shows  the  SEM  images  of  FeS2  particles  synthesized  by 
hydrothermal  process.  As  can  be  seen,  the  FeS2  particles  show 
budlike  microspheres  as  secondary  particles  with  diameters  of 
about  4  pm.  In  addition,  these  microparticles  composed  of  smaller 
particles  contacting  each  other  randomly.  The  sizes  of  these  pri¬ 
mary  particles  are  in  the  range  of  0.7—1  pm.  Fig.  1(b)  presents  the 
XRD  pattern  of  the  FeS2  powder.  It  clearly  shows  that  all  the 
diffraction  peaks  of  the  powder  matched  well  with  the  cubic  pyrite 
FeS2  (JCPDS  No.42-1340)  and  no  peaks  representing  impurity  phase 
were  observed. 

Fig.  1(d)  shows  the  first  three  cyclic  voltammograms  of  FeS2 
electrode  between  0.9  and  3.0  V  measured  at  a  scan  rate  of 
0.1  mV  s-1.  The  first  reduction  process  shows  one  distinguishable 
peak  at  about  1.1  V,  which  could  be  attributed  to  the  decompo¬ 
sition  of  FeS2.  After  the  initial  cycle,  this  peak  was  no  longer 
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Fig.  1.  (a)  the  SEM  images  and  (b)  XRD  pattern  of  FeS2  hierarchical  particles  synthesized  by  hydrothermal  process;  (c)  galvanostatic  cycling  profiles  of  the  FeS2/Na  cells  cycled 
between  0.9  and  3.0  V  at  the  current  densities  of  40  mA  g_1;  (d)  the  first  three  cyclic  voltammograms  for  the  FeS2  electrode  at  a  voltage  sweep  rate  of  0.1  mA  s_1. 
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present  in  subsequent  cycles.  In  contrast,  two  different  peaks  at 
1.8  and  2.1  V,  which  are  likely  to  be  the  counterparts  of  two 
anodic  peaks  at  2.2  and  2.5  V  were  observed.  They  may  be  related 
to  multi-steps  reaction  mechanism.  The  summation  of  the  inte¬ 
grated  area  of  these  two  peaks  is  less  than  the  first  one,  indi¬ 
cating  large  irreversibility  of  this  reaction.  This  is  in  a  good 
agreement  with  the  irreversible  capacity  loss  between  the  first 
two  cycles  observed  in  galvanostatic  curves.  In  the  subsequent 
cycles,  these  two  couple  of  peaks  for  each  cycle  were  almost 
overlapped,  indicating  that  highly  reversible  reactions  took  place 
during  the  subsequent  cycles.  The  shapes  of  oxidation  peaks  are 
well  maintained  in  all  subsequent  cycles. 

The  galvanostatic  cycling  was  performed  to  examine  the  elec¬ 
trochemical  behavior  of  FeS2  reacting  with  sodium,  and  its 
voltage-capacity  profiles  are  presented  in  Fig.  1(c).  The  initial 
open-circuit  voltage  of  the  cell  is  2.92  V.  The  first  discharge  curve 
show  an  abrupt  drop  in  voltage  with  a  long  plateau  at  1.1  V  and  a 
high-specific  discharge  capacity  of  771  mAh  g-1.  This  corresponds 
to  about  4.0  Na  per  FeS2.  This  is  similar  to  the  result  of  FeS2  pre¬ 
pared  by  mechanical  alloying  of  natural  pyrite  [1—3],  corre¬ 
sponding  to  the  reaction  of  FeS2  and  Na  into  Na2S  and  Fe.  In  the 
first  recharge  process,  there  are  two  sloping  plateaus  centered  at 
2.2  and  2.5  V.  These  two  plateaus  recover  67.6%  of  the  initial 
discharge  capacity  and  yield  a  total  recharge  capacity  of 
521  mAh  g-1.  In  the  subsequent  cycles,  the  discharge  curves  are 
similar  to  each  other,  but  utterly  different  from  the  initial 
discharge,  implying  a  change  of  structure  or  composition  of  the 
electrode  through  the  first  charge  process.  Because  the  theoretical 
electromotive  force  of  Na2S  is  1.85  V  [7],  a  considerable  value  of 
discharge  capacity  about  200  mAh  g_1  between  3.0  and  1.85  V  at 
the  second  cycles  cannot  be  explained  by  the  formation  of  Na2S  as 
described  before  for  the  first  discharge  process.  Such  a  high 
discharge  plateau  after  the  first  cycles  indicates  that  the  products 
obtained  after  the  first  recharge  are  not  exactly  the  same  as  the 
pristine  FeS2. 

In  order  to  investigate  the  charge  reaction  mechanism  of  Na/ 
FeS2  cell,  the  synchrotron-based  in  situ  XRD  technique  was 
employed.  The  FeS2  electrode  was  firstly  sodiated  in  the  cell  by 
discharge  to  0.9  V  at  a  constant  current  of  20  pA  cm-2,  then  the  in 
situ  XRD  data  was  recorded  upon  recharge.  Fig.  2(a)  shows  the 
synchrotron-based  in  situ  XRD  patterns  along  with  the  first 
charge  curve.  Besides  two  diffraction  peaks  at  26  =  33.1°  and 
35.6°  of  the  Al  foil  current  collector,  no  any  other  diffraction  peak 
of  full  discharged  product  is  observed.  This  may  be  due  to  the 
nanosize  nature  of  the  Na2S  and  Fe  formed  through  the  discharge 
process.  When  the  particle  size  (and  grain  size)  becomes  so 
small,  the  Bragg  peaks  of  the  crystal  sample  will  be  too  broad  and 
too  weak  to  be  detected  by  XRD.  Interestingly,  a  new  peak 
emerges  at  about  26  =  31.4°  when  the  x  values  reached  less  than 
2.0  in  NaxFeS2  as  shown  in  red  arrow  in  Fig.  2(a)  and  a  pro¬ 
gressive  intensity  increase  of  the  peak  at  26  =  31.4°  is  observed 
during  charge  to  3.0  V.  This  peak  at  26  =  31.4°  can  be  indexed  to 
(2  2  1)  of  NaFeS2  (JCPDS  34-935).  It  should  be  noted  that  this  is 
the  only  peak  can  be  seen  from  the  sample  due  to  the  poor 
crystallinity  after  recharge,  which  normally  happens  for  the 
electrode  based  on  conversion  reactions  [8]. 

X-ray  absorption  spectroscopy  was  carried  out  to  determine  the 
variation  in  valence  and  local  structure  around  Fe  and  S  in  the 
sodiated  and  desodiated  electrodes.  Fig.  2(b)  shows  the  Fe  and  S  K- 
edge  XANES  of  the  FeS2  electrode  after  discharge  to  0.9  V  and 
recharge  to  3.0  V,  in  comparing  with  the  pristine  sample.  In  the 
initial  state,  the  Fe  K-edge  absorption  energy  at  7118.3  eV  and  S  K- 
edge  absorption  energy  at  2471.1  eV  could  be  assigned  to  Fe2+ 
[4,9,10]  and  sl~  [11—13]  of  FeS2,  respectively.  After  discharging  to 
0.9  V,  both  shapes  of  the  Fe  and  S  K-edge  XANES  spectra  were 
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Fig.  2.  (a)  In  situ  X-ray  diffraction  patterns  collected  during  the  first  charge  for  FeS2/Na 
cell.  The  corresponding  voltage-composition  profile  is  given  on  the  right  side  XRD 
patterns  at  a  current  density  of  20  mA  g-1;  Normalized  (b)  Fe  K-edge  XANES  spectra  (c) 
S  K-edge  XANES  spectra  of  the  FeS2  at  pristine,  charged  and  discharged  states.  (For 
interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to 
the  web  version  of  this  article). 


different  from  those  of  the  initial  state.  The  main  change  of  the  Fe  K- 
edge  was  that  the  upper  part  of  the  white  line  shifts  to  the  lower 
energy,  indicating  the  reduction  of  Fe  during  discharge,  but  the 
spectra  after  discharge  is  still  different  from  that  of  metal  Fe  (Fe°) 
[4,10].  This  result  is  same  as  the  previous  report  by  Kitajou  et  al.  [4]. 
It  may  be  due  to  the  incomplete  reduction  of  Fe2+  or  the  local 
structure  difference  between  the  electrochemically  formed  Fe  and 
reference  Fe  foil.  Flowever,  the  formation  of  metallic  Fe  after 
discharge  will  be  confirmed  by  TEM  results  mentioned  below  and 
the  XPS  results  in  the  literature  [4].  The  corresponding  S  K-edge 
shows  a  clear  shift  from  2471.1  to  2468.3  eV,  corresponding  to  the 
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change  from  S2~  to  S2-  [6,12,13].  When  the  cell  was  charged  to 
3.0  V,  the  Fe  K-edge  shifted  to  the  higher  energy,  but  it  did  not  fully 
recovered  to  the  original  state  as  the  pristine  sample.  In  addition,  a 
clear  increase  of  the  pre-edge  peak  intensity  was  observed,  indi¬ 
cating  that  Fe  ion  was  oxidized  resulting  in  a  more  empty  3d  orbital. 
The  local  structure  and  coordination  of  Fe  in  the  charged  products 
were  quite  different  from  those  of  the  pristine  FeS2.  From  the  S  I<- 
edge  of  the  charged  sample,  it  can  be  seen  that  the  edge  position 
moved  back  to  the  original,  but  some  residual  feature  (peak  at 
2472  eV)  from  the  discharged  products  was  still  there.  It  implied 
that  the  S2~  was  mostly  oxidized  back  to  S2_  after  charge  but  not 
fully  recovered  to  the  original  state  for  the  pristine  sample.  The 
remarkable  differences  of  Fe  and  S  K-edge  XANES  spectra  between 
the  desodiated  and  pristine  electrodes  suggest  that  the  composi¬ 
tion  and  structure  of  electrode  after  charging  to  3.0  V  could  not  be 
fully  recovered  to  its  original  state  of  FeS2,  and  a  new  desodiated 
product  is  formed  as  confirmed  by  XRD  data. 

To  further  detect  the  composition  and  structure  of  the  sodiated 
and  desodiated  electrodes,  ex  situ  TEM  and  SAED  measurements 
were  employed.  Fig.  3(a)  shows  the  typical  TEM  image  of  the  FeS2 
after  firstly  discharging  to  0.9  V.  Flowever,  we  could  only  see  some 
ambiguous  stripes  because  the  local  product  is  unstable  and  these 
black  domains  are  gradually  thawing  with  further  focusing  TEM  e- 
beam  on  the  sample.  The  corresponding  SAED  pattern  shown  in 
Fig.  3(b)  consists  of  several  bright  rings  made  up  of  discrete  spots. 
These  discrete  diffraction  spots  could  be  unambiguously  indexed  to 
diffractions  of  Na2S  phase  (JCPDS  65-2995)  and  Fe  (JCPDS  6-696). 
The  result  is  in  good  agreement  with  previous  reports  using  XANES 
technique  [4].  After  recharge  to  3.0  V,  some  strips  can  be  seen 
clearly  in  the  high  resolution  TEM  image  (Fig.  3(c)).  After  measuring 
the  d-space,  the  lattice  plane  could  be  attributed  to  the  (2  2  0)  plane 
ofNaFeS2.  The  SAED  pattern  in  this  region  is  shown  in  Fig.  3(d).  All 
d-spacings  from  the  SAED  spectra  can  be  well  indexed  to  NaFeS2 
(JCPDS  34-935)  and  listed  in  Table  1,  which  is  totally  different  from 
the  pyrite  structure  for  the  pristine  sample.  This  result  is  consistent 


Table  1 

d-spacings  (A)  derived  from  SAED  analysis  of  the  electrode  after  the  first  discharging 
to  0.9  V  and  the  charging  to  3.0  V.  JCPDS  standards  for  Na2S,  Fe  and  NaFeS2  are 
shown  for  references. 


First  discharging  to  0.9  V 

Na2S 

Fe 

Fm-3m(65-2995) 

Im-3m( 6-696) 

T.W. 

Reference 

T.W. 

Reference 

3.76 

3.77(1  1  1) 

2.03 

2.02(1  1  0) 

3.26 

3.26(2  0  0) 

1.43 

1.43(2  0  0) 

2.33 

2.31(2  2  0) 

a  =  6.54  ±  0.06 

a  =  6.54 

a  =  2.87  ±  0.01 

a  =  2.87 

First  charging  to  3.0  V 

NaFeS2 

Pa(34-935) 

T.W. 

Reference 

3.30 

3.33(3  1  0) 

3.30 

3.33(1  2  1) 

2.37 

2.35(0  2  2) 

2.02 

2.01(1  3  -2) 

a  =  10.61  db  0.05 

a  =  10.69 

b  =  9.13  ±  0.07 

b  =  9.10 

c  =  5.49  ±  0.03 

c  =  5.51 

0  =  93.6° ±  0.09° 

0  =  92.1° 

*TW:  This  work. 


with  the  results  obtained  from  in  situ  XRD  and  ex  situ  XAS 
measurements. 

The  electrochemical  reaction  mechanism  of  FeS2  with  sodium 
after  the  initial  discharge  might  be  proposed  as  following 

Fe  +  2Na2S  -  (4  -  x)e <-►  (4  -  x)Na+  +  NaxFeS2  (1 ) 

Here,  the  inserted  coefficient  x  is  estimated  to  be  0.7  from  the 
charge  capacity.  A  nano-sized  Na2S  and  Fe  were  formed  in  the 
initial  discharge  process  from  an  irreversible  reaction  of  FeS2  with 
sodium.  The  recharging  processes  involve  two  different  desodiation 
reactions  at  least,  since  two  couples  of  reduction  and  oxidation 
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Fig.  3.  The  ex  situ  TEM  images  of  the  FeS2  electrodes  (a)  after  the  first  discharging  to  0.9  V;  (c)  after  the  first  charging  to  3.0  V  and  their  corresponding  SAED  patterns  (b)  and  (d). 
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peaks  at  1.8,  2.1  V  and  2.2,  2.5  V  in  CV  curves  were  obtained.  They 
include  the  intercalation/deintercalation  reactions  of  NaFeS2  and 
the  conversion  reactions  of  nanocrystalline  Na2S  and  Fe.  This  re¬ 
action  mechanism  should  be  responsible  for  the  large  irreversible 
capacity  during  the  first  cycle,  as  well  as  the  high  discharge  and 
charge  plateaus  after  the  initial  cycle. 

4.  Conclusion 

In  this  study,  we  found  that  FeS2  could  not  be  reversible  pro¬ 
duced  by  the  electrochemical  reaction  of  Na2S  with  metallic  Fe 
during  the  first  recharge  process.  Instead,  a  new  NaFeS2  phase  was 
formed.  The  subsequent  electrochemical  behavior  should  be 
attributed  to  the  reversible  intercalation/deintercalation  reactions 
of  NaFeS2  phase  and  the  conversion  reactions  of  nanocrystalline 
Na2S  and  Fe  after  the  initial  discharge.  Further  detailed  investiga¬ 
tion  on  this  system  is  ongoing. 
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